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INTRODUCTION 
The observations here recorded deal with the development of 
the cerebellar cortex of the albino rat from the time of first appear- 
ance of the outer granule layer until the mature condition is 
reached. This period, extending from about the fifth day before 
birth to the middle of the fourth week of post-natal life, has been 
studied day by day and the attempt made to follow consecu- 
tively in this single species the main developmental changes, and 
to observe accurately their time-relations. Inasmuch as many of 
the changes take place after birth, it is also possible to correlate 
these processes with the gradually increasing motor activities of 
the rat during the same period. 
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HISTORICAL 
In  1837 Purkinje observed the cells which have since borne 
his name, and in 1858 Hess first described the transient outer 
granule layer of the newborn and noticed its disappearance in 
the mature animal. The subsequent history of our knowledge 
of the histogenesis of the cerebellar cortex falls into two periods, 
the second dating from the time of application to this subject of 
the silver impregnation method of Golgi, by Cajalin 1890. As the 
literature of this aspect of the cerebellum has been recently 
reviewed by Ziehen ('06) in Hertwig's Handbuch der Entwick- 
lungslehre, only a short historical survey is here necessary. Ober- 
steiner ('69) differentiated two zones in the outer granule layer 
and Lowe ('80) made observations on its origin. Their work 
was for the most part confirmed, and also extended by Lahousse 
('88) Bellonci and Stefani ('89) and others. In  general their 
observations on the morphology of the cell-bodies were excellent, 
but their ideas on the relations of the cells to one another were 
very incomplete. In 1890 Ramon y Cajal was the first to apply 
the Golgi method to the histogenesis of the cerebellum and by his 
work and that of his pupils great advances were made. The Golgi 
method was then extensively used by other investigators of whom 
may be mentioned Lugaro ('94)' Schaper ('94), Popoff ('95, '96) 
and Athias ('97). Schaper, using Teleosts, followed the entire 
development of the cerebellum and made observations on early 
cell-diff erentiation in the nervous system. In mammals and birds 
Lui ('96) studied the development of the organ from the physio- 
logical standpoint, and correlated certain stages of development 
with the beginnings of the faculty of standing and walking. 
In  the ten years succeeding the publication of Cajal's first results 
most of the fine details of the development of the cerebellar 
cortex, as we know them, were elucidated. 
In  1905 Berliner ('05) and Takasu ('05) published papers in 
which morphogenesis and histogenesis were correlated, especially 
by the former. Takasu followed out the successive changes in 
the pig until birth, while Berliner used human material during 
both pre-natal and post-natal development. Cajal ('06) and 
Cajal and Illera ('07) by the use of the reduced silver method 
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have added further fine details. Recently Biach (’09) and Lowy 
(’10) have studied the disappearance of the outer granule layer in 
detail, and Lowy has also correlated this with process of medulla- 
tion. Biach studied normal and pathological human material, 
while Lowy used a series of mammals and birds. 
MATERIAL A N D  METHODS 
The material for study was obtained from the rat colony of 
The Wistar Institute of Anatomy and consisted, first, of a complete 
series of brains, taken at  one day intervals, from 0 to 25 days, and 
at  longer intervals thereafter, viz , at 31 days, 35 days, 56 days, 
100 days, 6 months, 9 months and 1 year. These were fixed in 
Ohlmacher’s solution (a modification of Carnoy’s) in accordance 
with the methods of King (’10). After fixation, selected portions 
of the cerebellum were embedded in paraffin, cut into serial sec- 
tions and stained with carbol-thionine and acid fuchsin. In  
preparing the material from which measurements were to be made 
great care was taken in orienting the blocks of tissue in order to 
avoid oblique sections of the layers. 
The series cut in the sagittal plane were found to be the most 
favorable for study and for making comparative measurements 
median sagittal sections of the vermis were most frequently used 
Thus, in comparing the thickness of the layers at  different ages, 
these latter sections were chosen and measurements were made a t  
five selected points along the sulcus primarius, and in measuring 
the growth of the Purkinje cells this same site was used,and from 
it the ten largest cells were taken for measurement. It may 
here be stated, that unless otherwise mentioned, all measurements 
of cells and nuclei, are the average of ten, made on preparations 
fixed in Ohlmacher’s fluid, and stained with carbol-thionine and 
acid fuchsin. For making a comparison of the layers of the ver- 
mis, hemisphere and flocculus of the same cerebellum, these 
regions were sectioned separately transversely to their folds. In 
all these cases the characteristic orientation of the Purkinje cells 
was used as an additional guide, and only those areas were utilized 
which showed the plane of the Purkinje cell dendrites to coincide 
with that of the section. 
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By these various means it was sought to obtain measurements 
which were strictly comparable, and to avoid errors arising from 
using oblique sections of the layers or of the Purkinje cells. 
Besides the above-mentioned material, there was included for 
the period prior to birth a series of timed embryos, obtained 
through the courtesy of Dr. J. M. Stotsenberg, curator of the 
museum of The Wistar Institute of Anatomy. 
For the Pur- 
kinje cell dendrites the Cox-Golgi method proved most reliable, 
but for other details the rapid Golgi method and a number of its 
modifications (Cajal, Strong, Kopsch) were employed, as was also 
Ram6n y Cajal's reduced silver method ('03) ('07). 
I here wish to acknowledge my indebtedness to Professor Pier- 
sol for advice and criticism, and to Professor Donaldson of the 
Wistar Institute, for the suggestion of the subject, and for con- 
stant interest. My thanks are also due to Mr. E. F. Faber, 
instructor in art in the School of Medicine, for valuable sugges- 
tions relative to the illustrations. 
Impregnation methods were used extensively. 
BRIEF OUTLINE OF SURFACE DEVELOPMENT OF THE CEREBELLUM 
In order to appreciate the great increase in surface area which 
the cortical layers undergo a brief summary may be given of the 
changes which the cerebellum as a whole exhibits during its for- 
mative period. 
In the 17-day fetus, the cerebellum is a narrow, transversely 
directed, arched lamina, forming anteriorly the roof of the fourth 
ventricle, and extending over the lateral recesses. It is made up 
of two lateral halves, connected by a thinner median portion and 
is continuous along its caudo-lateral margin with the thin epen- 
dyma which forms the remainder of the roof of the fourth ven- 
tricle. In a median sagittal section it is somewhat triangular in 
outline with the apex of the triangle projecting into the ventricle. 
In  such a section it is therefore thickest at its middle and tapers 
towards its attachments anteriorly to the rhombo-mesencephalic 
fold, and posteriorly to the inferior medullary velum. The latter 
is being invaginated by capillaries, near its attachment to the 
caudo-lateral margin of the cerebellum to form the metaplexus. 
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The general form in the 19-day fetus has not materially altered, 
but there has been relatively more growth in the extra-ventric- 
ular region so that the outer surface is now convex and the out- 
line on section (fig. 1) is somewhat lens-shaped. 
At the end of gestation (21 days), fissure formation has com- 
menced and this, associated with the continuous increase in mass 
of the organ, contributes to the great expansion of the ectal sur- 
face. The sulcus primarius of Bolk (fig. 2, s.P.), which is clearly 
in advance of the other fissures, divides the cerebellum into an 
anterior and a posterior division. 
Fissuring proceeds rapidly so that in the 5-day cerebellum the 
vermis, hemispheres and flocculi are distinct, and all the main 
lobes described by Bolk ('05) may be recognized (fig. 3, A ,  B, C, 
I, 2, 3, 4). At ten days (fig. 4) the configuration is that of the 
mature cerebellum, there being usually no further formation of 
fissures. Growth, however, continues so that at  21 days it has 
reached the proportionate size shown in fig. 5. During this period 
(10 to 21-25 days) the increase is not due so much to the growth 
of the cell-bodies or to the number of new cells formed as to the 
continued development of their prolongations, the ingrowth of 
axones from without and the process of medullation. 
STRUCTURE OF CEREBELLUM AT FIRST APPEARANCE OF OUTER 
GRANULE LAYER 
A section of the cerebellum of the 17-day fetus exhibits three 
well marked layers-an inner (ependymal), middle (mantle), 
and outer (marginal) layer. The appearance of these different 
layers corresponds to that seen in other regions of the central 
nervous system at the same stage of development, as shown, for 
example, by Hardesty ('04) in the case of the spinal cord. The 
ependymal layer shows a deeply stained mass of closely arranged 
nuclei which have been derived from the proliferation of the orig- 
inal ventricular cells. Succeeding this, is the mantle layer with 
the cells distinct and not so compacted. These are differentiating 
neurones and neuroglia cells. The outer marginal layer is cell- 
free except for the invading cells about to be described. 
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Along the caudo-lateral margin of the cerebellar plate where 
the ectal and ventricular surfaces approach one another to become 
continuous with the thin portion of the roof of the fourth ventricle 
there is a dense mass of cells, similar in appearance to those of the 
ependymal layer of the cerebellum and continuous with them. 
This mass occupies the entire angle of junction to the exclusion of 
the other layers and from it there extends into themost superficial 
portion of the marginal layer, immediately under the outer limit- 
ing membrane, a stratum of cells 1 to 2 rows in thickness. These 
cells constitute the first form of the developing outer granule 
layer. In sagittal sections at  this age they cover the caudal 
one-third to one-half of the cerebellar plate, while in transverse 
sections they extend from each lateral margin to a point about 
half way to the mid-line. In  the 18-day fetus they have extended 
farther forward and inward, and in the 19-day fetus (fig. 6) they 
form a continuous stratum over the entire cerebellar plate. 
Lowe ('80) was apparently the first to describe the originof 
these outer granule cells deriving them from the ependymal layer 
of the posterior medullary velum. Later, C. L. Herrick ('91) 
emphasized especially the lateral portions of the ventricular sur- 
face of the cerebellum in the neighborhood of the lateral recesses 
as the place of origin, but evidently the cells of the entire rhombic 
edge takes part in the process. 
OUTER GRANULE LAYER 
This outer granule layer in the 19-day foetus (fig. 6) is composed 
of 2 to 5 compact rows of cells and is usually thickest nearits 
caudo-lateral margin. The nuclei are rounded or oval, and stain 
more deeply than the somewhat larger nuclei of the cells of the 
mantle layer. 
At birth the layer has increased to 6 to  8 rows and shows a 
division into two zones of cells which have different morpho- 
logical characters. The outer stratum, 1 to 3 cells wide, contains 
elements with rounded or oval nuclei similar to those seen in 
the 19-day foetus, while the inner stratum is made up of fusiform 
cells, lying with their long axes in the plane of the fissures, which 
are now beginning, and parallel to the surface of the cerebellum 
Their size averages 7.5 x 5p .  
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immediately overlying them (fig. 7). There is no definite line 
of demarcation, and it is believed that the inner cells originate by 
the division of the outer, for mitotic figures are much more numer- 
ous in the outer stratum than in the inner. 
The measurements of the spindle elements are 9 to lop in 
length, by 4 to 5 p  in thickness, and the nuclei of the outer stra- 
tum average the same as in the 19-day foetus. The entire layer 
measures 25 to 36p in width, with the cells closest together a t  the 
ectal surface, and more scattered towards the cell-free zone below 
(figs. 7 and 8). By the continued rapid cell-proliferation, especi- 
ally of the large elements of the outer stratum, there is a steady 
increase in the thickness of the outer granule layer up to 8 to 10 
days. 
At 3 days (fig. 9) the entire outer granule layer is 40p in breadth 
and is made up of 7 to 8 rows of cells. At 5 days there are 7 to 
9 rows, of which 2 to 3 belong to the outer, and 5 to 7 to the inner 
stratum, the total average breadth measuring 46p. At 8 days 
(fig. 10) the 8 to 10 rows are closely massed and measure 52p.  
This condition persists until the tenth day with mitoses very 
abundant, especially in the outer stratum. Lowy ('lo) who 
described the changes in the outer granule layer in a large number 
of birds and mammals found that the number of rows always 
diminished from the time of birth onward. In  Mus rattus (the 
black rat) he found a very gradual reduction until the tenth day, 
and then a more rapid one until the twentieth day, when nearly 
all the cells had disappeared. In  the albino rat (Mus norvegicus 
albinus) the process is somewhat different, for there is no reduc- 
tion in rows during the first ten days, but on the contrary there is 
a gradual increase, as has just been described. It followsfrorri 
this that the cerebellum of the albino rat is at  a more immature 
stage a t  time of birth than is that of the black rat, dog, cat or 
other animals investigated. The number of rows of cells, how- 
ever, give a very inadequate idea of the true inc'rease in number of 
the outer granule cells during this period. To appreciate this 
one must bear in mind especially the coincident great surface 
expansion, as is illustrated (in one diameter only) by figs. 2 to 4. 
And also, as will shortly be described, there is amigration of 
TEE JOURNAL OQ COMPARATIVE NEUROLOGY, VOL. 21, NO. 5 
466 WILLIAM H. F. ADDISON 
spindle cells away from the inner stratum towards the molecular 
and inner granule layers, which is constantly taking away from the 
total number in the outer granule layer. Because these several 
processes are going on together, a view of a small part of the cere- 
bellar cortex gives only a partial impression of the entire process. 
After 10 days there is a rapid diminution in the cell rows with 
fewer mitoses. In  the sulcus primarius of the vermis at  12 days 
there are 6 to 7 rows with the cells more loosely arranged than at  
10 days, and at  14 days (fig. 11) there are only 3 to 5 rows, measur- 
ing altogether 14p. At 18 days there are usually two rows and 
a t  19 days there is only one row of scattered cells. By 20 days, 
as a rule, all the cells have emigrated from this locality, but some- 
times solitary ones may remain until the following day. 
The process of reduction in the other sulci of the vermis takes 
place at  the same, or at  a slightly slower rate, with the exception 
of lobus C (fig. 5). Here there is a noticeable retardation of the 
process so that, for instance, in a specimen of 18 days, when there 
were only two rows remaining elsewhere, in lobus C there were 
4 to 5 compact rows of cells, some of which were in the process 
of division. And, at  21 days, when all the outer granule cells 
have usually disappeared from the other lobes, there may be still 
1 to 2 rows here with mitotic figures occasionally seen. The time 
of final disappearance of the cells varies in different individuals 
but always towards the end of the process, at  any rate, there 
are more cells in lobus C than elsewhere in the vermis. For 
instance, in one cerebellum from a 22-day animal many cells, 
some showing mitoses, were still seen in this locality and one speci- 
men of 25 days still showed scattered cells, while in other speci- 
mens of 21 days all the outer granule cells had already migrated. 
In the hemispheres the rate of reduction is very similar to that 
in the vermis, and here too the small sulci posterior to the sulcus 
primarius still show outer granule cells when none are seen else- 
where. The time of emigration of the last outer granule cells 
differs little from that in the verniis, and specimens-of 20 and 21 
days show practically the same condition in both vermis and 
hemisphere. In  a 20-day specimen where there was only one 
row of scattered cells in lobus C of the vermis, the same was seen 
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in the hemisphere, and in a 21-day specimen where all outer gran- 
ule cells had migrated in the vermis, there were similarlynone 
left in the hemisphere. 
In the flocculus the rate of reduction of the rows corresponds 
closely to that in lobus C but is even more retarded, so that cells 
persist here when they are no longer seen in any part of vermis 
or hemisphere. Thus in 21 and 23-day specimens there were 
still scattered cells in the flocculus when there were none elsewhere. 
A number of investigators, of whom may be mentioned Takasu 
('05), Biach ('09), Lowy ('10) have noted the varying thickness 
of theouter granule layer in different parts of the same cerebellum, 
and have described the vermis as being in advance of the hemi- 
sphere in the process of reduction. In the albino rat, where the 
process takes but a relatively short time, there is less difference 
between the vermis and hemisphere than between (1) lobus C 
and flocculus and (2) the remaining lobes of vermis and hemi- 
sphere. 
CELLS OF PURKINJE 
In the cerebellum of the 19-day foetus (fig. 6) that portion of 
the marginal layer not occupied by the outer granule layer may be 
looked upon as the locus of the molecular layer, although the 
Purkinje cells are not yet distinguishable with certainty. 
At birth (figs. 7 and 8) the Purkinje cells are readily seen on the 
inner boundary of this zone, and the Purkinje cells with this cell- 
free zone now constitute the molecular layer. The Purkinje 
cell dendrites occupy the cell-free space and increase as it increases 
in thickness so that, except at  their earliest stage of development, 
they always extend across it. The Purkinje cells at birth are 
arranged in a layer of 2 to  3 irregular rows, and are distinguished 
by their large clear oval nuclei, containing 1 to 2 nucleoli. The 
cytoplasm is small in amount and is aggregated principally at the 
ectal pole of the nucleus. From this cytoplasm project several 
short fine pointed processes, directed across the molecular layer. 
From the ental pole of the cell runs the axone, as will be described 
later. The size of the cell bady is 12 x 7 p  and the nucleus meas- 
ures 8 x 6 . 3 ~ .  
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A t  3 days (fig. 9) the cells are in 1 to 2 irregular rows and show 
a considerable increase in size, especially in the cytoplasm around 
the ectal pole. From this protoplasmic mass 3 to 5 and often 
more fine processes branch out in various directions. The cells 
now measure 14 x 8 p  and the nuclei 8.3 x 7 . 4 ~ .  
At 5 days the cells have changed their position and form one 
continuous row. The nuclei are situated basally, and the several 
protoplasmic processes branch as they proceed (fig. 14). 
At  8 days while there has been a continued increase insize, 
the great majority of the cells show the same generalappearance 
as before. In some, however, the ectal mass of cytoplasm 
has become elongated into a conical form (figs. 10, 15), and from 
the extremity of this the several fine processes radiate. In  a few 
the change has gone farther, and the cell-body is a rounded mass, 
having one stout dendrite which shows at  its tip a thicker aggre- 
gation of protoplasm suggesting a ‘cone of growth.’ It is from 
this terminal mass that most of the fine processes radiate. 
The change in form proceeds rapidly so that at 9 days many of 
the cells are of the elongated shape (figs. 16, 17) and at  10 days 
practically all have this appearance. 
The further growth of the dendrites can be appreciated most 
readily by reference to figs. 17 t o  22. At any age the different 
Purkinje cells vary considerably in the state of their develop- 
ment as may be seen in figs. 17 and 18 which are drawn from the 
same section of a 9-day cerebellum. Fig. 18 represents a cell in 
which the cytoplasm has not yet lengthened, although the fine 
dendritic processes are numerous, and branch in the characteristic 
way. Fig. 17 shows a cell of a more conical shape, bearing its 
processes principally a t  the apex. It is at this time (8 to  10 
days) that the Nissl granules become easily stainable in the cyto- 
plasm about the nucleus. At 8 days the nuclei measure from 
10 x 8 p  to 12 x 9p and the cell bodies 18 x 12p, varying from 22 x 
13p to 1 7 ~  11p.
At 14 days the cell-body is spherical and bears one main dendrite 
which usually soon divides into two, and these give off numerous 
fine branching processes. A comparison of fig. 11 and fig. 20 
will show the chief characters. The Cox-Golgi preparation (fig. 
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20) gives a more complete picture of the branching dendrites, but 
the thionine-acid fuchsin stain brings out other interesting points. 
The Nissl granules are present and are more distinctly seen than 
at 10 days. The dendrites have not a uniform size, but at the 
points of branching are thicker, and especially near the ends of 
the dendrites there are little thickenings from which tufts of still 
finer processes run. These thicker protoplasmic masses are 
probably centres of growth, so that there are many such growth- 
points along a single dendrite. The staining reaction of these 
dendritic processes to acid fuchsin shows a change at about this 
age. While up to 14 or 15 days they stain intensely, afterthis 
time they stain more faintly, and cannot be followed asdistinctly 
as before. 
After 14 days the changes in the Purkinje cells are principally 
in the increasing complexity of the dendritic arborization. The 
nuclei reach their full size first, some reaching their average maxi- 
mum size of 12 x 9p at 8 to 10 days. The cell-bodies continue 
to grow for a short time after this, but after 20 days they show 
little increase, measuring 21 x 14p to 24 x 19p. In the case of 
of the dendrites several changes are noted. By 21 to 25 days, the 
cells of the outer granule .layer have all migrated from their ectal 
position and the tips of the dendrites reach to the outer limiting 
membrane, thus giving the molecular layer the arrangement which 
is found in the adult. After this the growth and branching still 
continues so that the complexity of the arborization is much 
increased as seen in cells from a 31-day animal (fig. 21). At 110 
days the structure is still more complex and has the characteristic 
appearance seen in fig. 22. The cells figured were chosenas 
representative examples, but at  any stage there is considerable 
variation in the degree of branching. 
A study of figs. 9,lO and 11 shows that, while at 3 days the Pur- 
kinje cells have several dendrites, at 14 days they have usually 
only a single one. TKs reduction in the number of processes has 
been observed by several investigators and has been explained 
as being due to a process of absorption. While such changes 
may account for the final arrangement of the branches, it seems 
highly probable that the single stem from which these branches 
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grow out, is formed and increases in length in the same manner as 
in the spinal ganglion cells, or in the granule cells which are 
derived from the outer granule layer, as will be described later. 
MOLECULAR LAYER 
As has been stated before, from a very early period (1 to 2 
days after birth), the Purkinje cells with their dendrites extend 
entirely across the molecular layer, and the subsequent increase 
in width of the latter is coincident with the extension of the former. 
At  birth the molecular layer is a narrow zone about 4 0 p  in 
width and there is not much change until between 8 and 10 days, 
when thePurkinje cells begin to alter their form. Then coincident 
with the rapid development of these cells and the diminution in the 
outer granule layer, the molecular layer increases up to the middle 
of the fourth week. At this time the outer granule layer has 
finally disappeared, the Purkinje cell dendrites reach the outer 
limiting membrane, and the molecular layer is fully developed. 
Measurements during this period show that at 10 days the 
molecular layer is 5 2 p  in width, and at 12 days 7 4 p .  Rapid 
increase continues so that at 14 days it is 110p wide, and when its 
mature appearance is reached (21 to 25 days) it measures 150p. 
After this there is but small increase. These figures are in each 
case the average of five measurements, taken along the sulcus 
prlmarius of the vermis, cut in median sagittal section. One 
measurement was taken a t  the bottom of the sulcus, two mid- 
way along it and two at  the summits of the folia bounding it. 
During this period the molecular layer is also the site of the 
migration of cells from the outer granule layer. The fusiform 
cells of the inner stratum of this layer enter the molecular layer, 
some remaining there as the basket cells and small stellate cells, 
others continuing their migration to take up their position beneath 
the Purkinje cells as the granule cells of the inner granule layer. 
The migration of the latter cells is accompanied by changes in 
their form and orientation. While they are within the outer 
granule layer they are horizontally placed with their two processes 
directly at  right angles to the plane of the Purkinje cell arboriza- 
tions. During migration the processes remain in their original 
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position while the cell bodies move entad, and a t  the same time 
their long axes become vertical to the cortical surface as shown 
in figs. 10 and 11. As they pass inwards, there is drawn out from 
one end of their cytoplasm a fine process which remains connected 
with the horizontal processes above so that when the cell-bodies 
reach their destination they have their characteristic T-shaped 
process. The behavior of these cells in acquiring their T process 
is exactly like that of the spinal ganglion cells when undergoing 
similar transformations. 
After the cells have taken up their new position, the cell bodies 
become more rounded and the other processes with short and 
claw-like telodendria are developed. These interesting phenom- 
ena were first followed out by Ram6n y Cajal in 1890('90a, '90b) 
and afterwards by Schaper ('94), Lugaro ('94) and Terrazas ('97). 
The migration begins soon after the Purkinje cells are differ- 
entiated, about the time of birth, and proceeds but slowly during 
the first week of life. A t  5 to 8 days there are comparatively 
few vertically directed cells seen in the molecular layer (fig. 10, 
8 days), but from the 9th to the 17th day they are very numer- 
ous (fig 11, 14 days). By the end of this period the outer granule 
layer has been much reduced and thereafter the migrating cells 
become fewer and fewer until the process is completed at  21 to 25 
days. 
The cells of the outer granule layer, which become the per- 
manent cells of the molecular layer, apparently do not pass 
through the same changes as that just described for the granule- 
forming cells. (Terrazas, '97). They change their location with- 
out much alteration in form and are seen as early as the 7th day 
as elongated horizontally-directed cells lying at  right angles to 
the direction of the fissures in the lightly staining molecular layer. 
At 8 days when the molecular layer begins to widen, they are 
readily found. After they have reached their new position they 
very soon become differentiated, so that, although new fusiform 
cells are constantly being added as long as the outer granule layer 
persists, they are at  no time very numerous. The earliest migrat- 
ing cells come to rest near the Purkinje cells and probably all 
form basket cells. Later, during the reduction of the outer 
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granule layer, the small stellate cells are also developed, princi- 
pally in the ectal portion of the layer. 
The process of differentiation is a t  first very similar in both 
these classes of cells. They assume a stellate appearance with 
nuclei rounded or oval and from the corners of the cells proceed 
several fine processes. At 8 days (fig. 10) may be seen both the 
fusiform stage and the later multipolar stage, as well as inter- 
mediate gradations. The nuclei of the fusiform cells are rod- 
shaped and measure 8.5 x 3 . 5 ~ ~  and those of the multipolar 
cells are irregularly rounded, measuring 7 x 5p. There is appar- 
ently no differentiation of the latter into basket and small cortical 
cells as yet. At 11 days, however, by the use of the Cox-Golgi 
method, the basket-like terminals of the basket-cells were dis- 
tinctly seen about the cell-bodies of the Purkinje cells. 
At 14 days (fig. 11) both the small cortical and basket-cells are 
seen, as well as the immature horizontal bipolar cells. The 
small cortical cells are situated near the outer granule layer and 
measure 6.7 x 4 . 5 ~  while the larger basket-cells measure 7.6 
x 5.7p. 
At 21 to 25 days, after all the outer granule cells have migrated, 
only fully differentiated cells are found. 
INNER GRANULE LAYER 
The cells of the inner granule layer are derived from two 
sources-thc outer granule layer, as aready described, and the 
mantle layer. Assoon as the Purkinje cells are differentiatedon the 
outer boundary of the mantle layer, other cells of this layer arrange 
themselves immediately about them. These cells are at  first of 
the same appearance as those in the adjoining deeper parts of the 
mantle layer, but are rather closer together. From these are 
derived the neuroglia, and apparently the Golgi cells of the mature 
cerebellum. 
In  a section of cerebellum from a newborn animal the Pur- 
kinje cells are loosely arranged in 2 to 3 irregular rows, and above 
and below and between them are seen a number of smaller cells. 
These have round or oval light staining nuclei which contain but 
little chromatin. About the nuclei is a very thin mantle of cyto- 
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plasm. For several days the number of these cells increases by 
the addition of more cells from below, and to some extent by mito- 
sis but there is no apparent differentiation before the 5th day. 
At 5 to 6 days some cells are seen with slightly larger nuclei and 
more cytoplasm than the others, and at 7 to 8 days these larger 
cells are distinctly the large stellate or Golgi cells. At 8 days their 
nuclei measure 9 x 7 . 3 ~  and contain 1 to 2 nucleoli. They are 
distinguished from the other cells derived from the mantle layer 
not only by the size of their nuclei, but also by their distinct 
mantle of cytoplasm which is often thicker at one pole. In a 
Cox-Golgi preparation of a 9-day cerebellum these cells showed 
their characteristic branching processes. By 14 days they have 
grown to the size 14.7 x 1 1 . 5 ~  with nuclei 9.9 x 8 . 1 ~  and are an 
easily distinguished part of the granule layer. 
The remainder of the cells derived from the mantle layer retain 
to a great extent their original appearance and probably become 
the neuroglia cells. Their nuclei are always vesicular and light 
staining, and are surrounded by an inconspicuous mantle of cyto- 
plasm. Many of them are situated in the region of the Purkinje 
cell-bodies, especially above and between them, and Golgi pre- 
parations show their fibres extending through the molecular layer 
to the outer limiting membrane. A small number are scattered 
through the granule layer. At 8 days the nuclei measure 6.4 x 
5.6p, and by 20 days they have increased in size to  6.7 x 6p, and 
always retain their vesicular, light-staining appearance. There 
are occasional mitoses seen within the inner granule layer during 
the first 10 to 12 days of life and these are probably in the neuroglia 
cells. One cannot say definitely as to this, but as the nerve- 
cells present are developing their processes they are probably no 
longer dividing, whereas the neuroglia cells retain always their 
power of division. While these changes are taking place, the 
addition of cells coming from the outer granule layer has also 
commenced. During the first several. days of life the immigra- 
tion is slight so that at 5 days there are but few granule cells 
present. From 5 to 9 days this number increases gradually and 
from 9 to 17 days at a much more rapid rate. After this the rate 
of addition is much lessened although new cells are received as 
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long as the outer granule layer persists (21 to 25 days). At 8 
days the average size of these cells is 5 . 5 ~  4 . 5 ~ ~  and there is 
practically no change in size thereafter. 
The cells in the granule layer are at  first uniformlydistributed, 
but as early as the 12th day they tend to become grouped with 
cell-free spaces between. This is seen more distinctly at  14days 
(fig. 11) and is very definite at  20 days (fig. 12). Thesecell-free 
spaces stain deeply with the acid fuchsin and are the so-called 
cerebellar glomeruli. Denissenko (’77) observed them and 
noticed their affinity for eosin, and they are accordingly some- 
times referred to as the eosin-bodies or acidophile structures of 
Denissenko. Cajal (’94) showed them to be complexes of nerve- 
fibers and this has been verified by Held (’97), Bielschowsky and 
Wolff (’04) and Berliner (’05). Cajal pictured them as composed 
of the terminals of mossy fibers and the telodendria of granule 
cells, but it was later shown by Held that the Golgi cell telo- 
dendria also entered into them. They were named “glomeruli 
cerebellares,” by Held, from their resemblance to  the olfactory 
glomeruli. Using the reduced silver method of Cajal, these 
structures were first seen at 13 days. 
Besides the cells of the granule layer, there are at least three 
sets of axones entering into its structure. These are the mossy 
and climbing fibers entering from the medullary layer, and the 
axones of the cells of Purkinje. 
The mossy fibers branch in the granule layer and end as already 
mentioned in the glomeruli. The climbing fibers cross the gran- 
ule layer, and their terminal branches run along the dendrites 
of the Purkinje cells. They were seen in reduced silver prepara- 
tions at  15 days, but are probably developed before thistime. 
The axones of the Purkinje cells in crossing the granule layer to 
enter the medullary layer, send off collaterals which return towards 
other Purkinje cells. The axone is already seen in Cajal prep- 
arations at  the time of birth, and the collaterals are best seen 
during the early stages of development. For instance, in a Cox- 
Golgi preparation of an 11-day cerebellum the axones were readily 
traced from the cell body through the granule layer and for some 
distance along the medullary layer. From these axones were 
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given off collaterals which ended in terminal sets of branches 
around other Purkinje cell-bodies. 
Although the locus of the granule layer is recognizable at  birth, 
its cells increase but slowly at first, and it is not until about the 
8th day that the layer is definitely delimited from the medullary 
layer beneath. Until 5 days it is of uniform thickness, but at 
8 days the layer is already thicker a t  the summits of the folia 
than at the bottom of the sulci, and measures on the average 68p. 
A t  10 days the difference in width between the tops and bottoms 
of the folds is more marked, and there are also variations in width 
along the sides of the folds. Measurements vary from 45p at  the 
bottom of the fissures to 100p at  the summits of the folia, averag- 
ing 73p. At 14 days the average thickness is 108p, varying from 
45p to 165p and at  21 days it averages 120p with a variation 
from 4 5 p  to 180p.  The smallest measurements in each case are 
at  the bottom of the sulcus, and the largest at  the summits of the 
folia adjoining it. 
PHYSIOLOGICAL APPLICATION 
The cerebellum is generally regarded by physiologists as the 
central organ for the coordination of voluntary movements, 
especially those necessary for equilibrium and locomotion. It 
carries out this function by virtue of the definite nervous mechan- 
isms contained within it. If this mechanism is defective, as in 
pathological or experimental changes, the function is impaired 
as shown by definite symptoms. Similarly as long as the mechan- 
ism is incomplete during the period of development of the cere- 
bellum, it can carry out its function but imperfectly. 
In the albino rat, as we have seen, the cerebellum is in a very 
immature condition at  birth. Indeed of the mammals hitherto 
examined, the albino rat would appear to  be one of those with the 
cerebellum least developed at  this time. During the 33 weeks 
succeeding birth, there is in the albino rat a constant multipli- 
cation, rearrangement and differentiation of the nervous elements 
within it, until a t  the end of this period the structure is essentially 
that of the mature rat. 
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When we examine the motor activities of the young rat during 
the same time we find that they develop in a corresponding 
manner. The animals are born in a helpless condition, with their 
eyes shut. The main movements they are capable of are those 
involved in sucking, bending the body and tail, using thelimbs 
as levers, and making a squeaking noise. By the end of the first 
week their powers have increased so that they are able to crawl, 
but unsteadily, and with apparent effort. At 12 days they 
have become more active and are surer in their movements. 
At 14 to 15 days their eyes open and there is great increase of 
activity. They become alert and can run about. By 21 to 25 
days they are very active and at this time are weaned and hence- 
forth take care of themselves. Comparing these two series of 
events we see that as the cerebellar mechanism becomes more 
complete the motor activities of the rat become likewisemore 
perfect. 
The experimental work of Watson ('03) on the psychical 
development of young white rats is also interesting in this con- 
nection. He studied their behavior during the same period (birth 
to 25 days), and found a corresponding mental development as 
evidenced by their ability to solve certain problems. As the solu- 
tion of these problems involved an increase in motor control, 
his results evidently indicate an associated maturing of the 
cerebellum. He found that at  about 24 days the young rats 
attained their psychical maturity in certain directions, for at 
that age they could solve any problem which older rats could 
solve. This, as we have seen, corresponds very closely to the 
time when the cerebellum arrives at  its mature condition. 
The relation between the development of the cerebellum in 
the young, and the faculty of standing and walking has been 
investigated especially by Lui ('94). It was already recognized 
that in different animals at  the time of birih the cerebellar cortex 
had attained diverse degrees of development. Likewise the new- 
born of different species exhibit very different powers of locomo- 
tion, some being helpless, others being able to walk about a t  
once. Lui correlated these two sets of observations in man, dog, 
sheep, chick and pigeon, and showed that those species which had 
DEVELOPMENT OF CEREBELLUM OF ALBINO RAT 477 
a less developed cerebellum at birth likewise possessed in a less 
degree the control of locomotion. Also he found that the time of 
the attainment of the faculty of standing and walking coincided 
with the time when the definitive form of the cerebellum was 
reached. The foregoing observations on the albino rat coincide 
very closely with Lui's researches, and afford additional evidence 
for his views. It has since been repeatedly observed in a number 
of forms that the time of development of the Purkinje cells, rela- 
tive to birth, varies considerably. Thus Olmer ('99) described 
the stage when maturity is reached in the Purkinje cells of the 
sheep, as being in the 45 em. foetus; in the cat 19 days after birth 
and in the guinea pig at the time of birth. Athias ('97) states 
that the guinea pig foetus of one month is similar in respect to 
the state of development of these cells to the rabbit at  birth while 
Takasu ('05) finds that in the pig foetus of 22 em. the Purkinje 
cells are nearly perfectly developed. 
The fact the Purkinje cells vary considerably in the stage 
of their development in the same cerebellum was recorded by 
Azoulay ('94) in the cerebellum of the newborn child, and sug- 
gested to him an hypothesis in which he correlated this observa- 
tion with the probable function of the cells. He suggested that 
the most advanced Purkinje cells in the child's cerebellum at 
birth were for instinctive acts which are necessary for existence, 
such as suckling, while the immature ones were for acts as yet 
only potential. 
Taken together, these various observations constitute evidence 
from the developmental side supporting the accepted function of 
the cerebellum. And the present study on the albino rat is 
especially useful because the greater part of the developmental 
changes in the cerebellum takes place after birth, and so the corre- 
sponding increase in function can be followed step by step. 
SUMMARY 
The outer granule layer forms the outermost layer over the 
entire cerebellar cortex of the albino rat, from the 2d day before 
birth to the end of the third week of post-natal life. From birth 
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onward, it is composed of two strata-(1) an outer, of round cells 
with nuclei measuring 7.5 x 5p, and (2) an inner, of parallel 
fusiform cells measuring 9 to lop x 4 to 5p. 
The layer increases in thickness up to 8 to 10 days after birth, 
when it measures 54p, and is then composed of 8 to 10 rows 
of cells. The time of final disappearance varies in different parts 
of the same cerebellum. In the flocculus and in the small sulci 
of lobus C, the outer granule cells persist after they have dis- 
appeared elsewhere. Mitoses were found in the outer granule 
layer (especially in the outer stratum of it) until 20 to 21 days and 
in one specimen at  22 days. 
The Purkinje cells are easily distinguishable at birth along the 
inner boundary of the molecular layer by their relatively large 
size and lightly staining nucleus. These cells measure 12 x 7 p  
and nuclei 8 x 6.3p,  During the first week, there is great 
increase in size of both nucleus and cytoplasm. The main bulk 
of the latter is at  the ectal pole and from it several fine processes 
radiate into the molecular layer. At 8 days the cells measure 
18 x 12p and nuclei 10 x 8 p  to 12 x 9 p .  At 8 to 10 days there 
is definite change in form by the elongation of the cytoplasm of 
the ectal pole to form the main dendrite, the previously existing 
fine processes becoming its branches. At  the same time all the 
dendrites become arranged in one plane, and this plane is parallel 
t o  sections directed across the folia. Nissl granules appear in the 
cytoplasm at 8 to 10 days. The arrangement of the Purkinje 
cells changes with the increase in the surface area of the cortex. 
A t  birth they are arranged in 2 to.3 irregular rows; at  3 days in 
1 to 2 irregular rows and a t  5 days in one continuous row. As 
growth of the cortex continues the space intervening between 
the Purkinje cells becomes greater. Some nuclei reach their 
maximum size of 12 x 9 p  a t  8 days while the cell-bodies usually 
continue to grow, reaching a maximum size of 24 x 19p at 20 
days. The dendrites reach the outer limiting membrane when all 
the outer granule cells have migrated (21 to 25 days), and con- 
tinue to develop new branches until a much later period as is 
shown by a comparison of cells from a 31-day with cells from a 
110-day cerebellum. 
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The molecular layer is at  first a narrow zone, measuring at 
birth 40p and there is only slight increase in it until the Purkinje 
cells change their form at 8 to 10 days. Then coincident with the 
growth of the Purkinje cells and thereductionof the outer granule 
layer, the molecular layer widens at  a rapid rate until the middle 
of the fourth week, measuring at 25 days 150p. During this 
period the cells of the outer granule layer migrate into the molec- 
ularlayer, someremaining there to form the fixed cells of the molec- 
ular layer; others continuing their migration as vertical fusiform 
cells to become the granule cells of the inner granule layer. Bas- 
ket-cell terminals were first seen at 11 days. At 14 days the 
basket-cells measure 7.6 x 5.7p while the small stellate cells 
measure 6.7 x 4 . 5 ~ .  
The cells of the inner granule layer are derived from two sources: 
the outer granule layer and the mantle layer. From the former 
come the granule cells and from the latter the neurogliaand 
probably the Golgi cells. The layer increases slowly during the 
first week of life and at  8 days measures 68p. It is then plainly 
marked off from the medullary layer, and already is somewhat 
thicker at the summits of folds than at their bases. This differ- 
ence in thickness becomes more marked so that at 14 days the layer 
varies from 45p at the bottom of the sulci to 165p at the top of 
the folia and a t  20 days from 45 to 1801. Golgi cells are dis- 
tinguished at  7 to 8 days. In Cox-Golgi preparations of 9 days, 
they show their branching processes. At  8 days their nuclei 
measure 9 x 7.3p and at 14 days 9 9 x 8 . 1 ~ ~  with cell body 
14.7 x 1 1 . 5 ~ .  The small granule cells measure 5.5 x 4.5p at 
8 days and there is little change thereafter. The grouping 
together of the cells of the granule layer, with cell-free spaces 
between, is already beginning at 12 days and is distinct at 2Odays. 
The development of the motor activities of the young rat is 
closely correlated with that of the cerebellum, and the animal is 
in full possession of its motor powers when the cerebellum has 
attained its mature arrangement. 
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EXPLAN.4TION O F  FIGCI lES  
Median sagittal sections of the developing cerebellum of albino rats of diff went 
ages, showing the great increase of surface area of the cortex by growth and fissuring. 
figures 1 to 5. Drawn with the aid of the camera lucida, under similar conditions, 
and reduced in the reproduction t,o a magnification of 10 diameters. 
Fig. 1 From 19-day fetus, showing cross-section of the unfolded cerebellar 
plate (c) ,  with its connection anteriorly to themidbrain ( m ) ,  and posteriorly to  thr 
thin epcndyma ( e )  and mctaplexus (71) .  
Fig. 2 From newborn animal. The sulcus primarius ( s . p . )  is in advance of 
the other fissures. 
Fig. 3 From 5-day animal. All the primary lobes are in proccss of formation 
Fig. 4 From 10-day albino rat .  All fissures have developed. 
Fig 5 From 21-day albino rat,. Outer granule layer has practically dis- 
appeared except in small fissures of lobus 0. 
Fig. 6 Small portion of ectal surface of cerebellum of 19-day fetus, seen in 
sagittal sect,ion. Shows outer granule laycr (a) ;persisting margins1 zone which is 
locus of molecular layer ( b )  ; and out,er portion of mantle layer ( m ) ,  X 400. 
Fig. 7 Prom newborn animal. transverse section of cerebellum. O u k r  granule 
layer (a) is divided into two strata:  outer has round or oval nuclei; inner has fusi- 
form cells. X 400. 
( A ,  B, c, 1 ,  2,  8, 4). 
Molecular layer ( b ) ,  Purkinje cells ( c ) ,  Inner granulelayer ( d ) .  
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PLATE: 2 
EXPLANATION O F  FIGURES 
Cortical layers of cerebella of animals of different ages from median sagittal 
sections. All drawings made from boundary of sulcus primarius with aid of camera 
Iucida. X 400. 
Fig. 8 From newborn animal, sagittal section of cerebellum. Subdivisions of 
outer granule layer not so apparent, as in fig. 7. Mitoses in outer stratum. Purk- 
inje cells distinct, but, irregularly arranged. 
Fig. 9 Three days. Outer granule layer has widened. hiitoses in its outcr 
subdivision. Purkinje cells with cytoplasm aggregated at  ectal pole from which 
branch out several processes. 
Fig. 10 Eight days. Outer grmulc layer a t  its maximum thickness. Cells 
compact, with mitoses. Purkinje cells are elongating t>o form single stout dendrite. 
Molecular layer widening. In  it are seen bot,h vertical and horizontal fusiform 
cells, also multipolar cells which are probably basket cells. Granule layer in- 
creased, and shows Golgi cclls. 
Fig. 11 Fourteen days. Outer granule layer diminishing. Molecular lsger 
incrcssed. Many vertical fusiform cells migrating toward granule layer. The 
multipolar c:ells represent small stjellate and haskrt cells. Purkinje cells show 
Nissl graniilcs. Golgi cell wilh light nuclrus, 
single nucleolus and t,hick mantle of cytoplasm. 
All outer granule cells h:ive niigrzted and molecular 
layc:. has its matnrc appcaranrr. Pnrkinjr cclls are spaced farther apart .  Two 
Golgi cells are shown in the granule layer. 
Nitosis in granule layer. 
Cranulc cells hemming grouped. 
Fig. 12 Twenty days. 
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I’LA4TE 3 
E Y PLAN AT1 Oh- 0 F PI G VR I< S 
Figs 13 to 16 Purkinje cells from thionine-fuchsin preparations. Dr:i\vn with 
the aid of the camera lucida. X 320. Fig. 13, a t  birth. Fig. 14, 5 days. Fig. 15, 
8 days. Fig. 16, 9 days. 
Figs. 17 to  22 Purkinjc cells from Cox-Golgi preparations. Drawn with the 
aid of the camera lucida. 
Figs. 17 and 18, 9 days. 
Fig. 21, 31 days. 
X 250. 
Fig. 19, 11 days. Fig. 20, 14 days. 
Fig. 22, 110 days. 
PLATE 3 
! 14 day 
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